The whole polyhydroxyalkanoate (PHA) synthesis gene locus of Pseudomonas stutzeri strain 1317 containing PHA synthase genes phaC1 Ps , phaC2 Ps and PHA depolymerase gene phaZ Ps was cloned using a PCR cloning strategy. The sequence analysis results of the phaC1 Ps , phaC2 Ps and phaZ Ps showed high homology to the corresponding pha loci of the known Pseudomonas strains, respectively. PhaC1 Ps and PhaC2 Ps were functionally expressed in recombinant Escherichia coli strains and their substrate specificity was compared. The results demonstrated that PhaC1 Ps and PhaC2 Ps from P. stutzeri 1317 had different substrate specificities when expressed in E. coli. In details, PhaC2 Ps could incorporate both short-chain-length 3-hydroxybutyrate and medium-chain-length 3-hydroxyalkanoates (mcl 3HA) into PHA, while PhaC1 Ps only favored mcl 3HA for polymerization.
Introduction
Polyhydroxyalkanoates (PHA) are produced by various bacteria as intracellular carbon and energy storage materials under nutrient-limitation conditions in the presence of excess carbon source [1] . They have attracted increasing attention from scientific and industrial communities due to their interesting properties including biodegradability, biocompatibility and piezoelectricity [2] .
A variety of Pseudomonas spp. belonging to the rRNA homology group I accumulate polyesters mainly consisting of 3-hydroxyalkanoate (3HA) monomers of medium chain length (mcl) ranging from 6 to 14 carbon atoms. 3-Hydroxybutyrate (3HB) monomer (short chain length monomer or scl monomer) is not incorporated at all or at a very low fraction into PHA by these bacteria [3] . To date, type II PHA synthase genes phaC1 and phaC2 that favor mcl 3HA have been identified and characterized in Pseudomonas spp. including Pseudomonas aeruginosa [4] , Pseudomonas oleovorans [5] , Pseudomonas sp. 61-3 [6] , Pseudomonas mendocina [7] and so on. Some efforts were made to analyze the differences and potential interactions between PhaC1 and PhaC2 in Pseudomonas spp. These studies showed that both of them exhibited very similar properties [6, 8] , only in rare cases they showed some differences on the contents and monomer composition of the accumulated PHA [7] .
It was reported that Pseudomonas stutzeri strain 1317 isolated from oil-contaminated soil had a broad substrate spectrum and could synthesize polyesters containing both scl and mcl 3-hydroxyalkanoic acids from unrelated carbon sources with mcl 3HA as the main composition [9] . In this study, pha locus of P. stutzeri 1317 was cloned and sequenced using the PCR cloning strategy established previously for Pseudomonas spp. [10] . It was found that this strain contained typical type II PHA synthase gene locus. The cloned PHA synthase genes phaC1 Ps and phaC2 Ps were further investigated for their function by heterologous expression in recombinant Escherichia coli.
Materials and methods

Bacterial strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . P. stutzeri 1317 was isolated from an oil-contaminated soil sample collected from Dagang oil field in northern China and was identified as P. stutzeri by the Institute of Microbiology, Academic Sinica at Beijing, PR China [13] . This strain was cultivated at 35°C in Luria-Bertani (LB) medium. E. coli strains were grown at 37°C in the same medium. When needed, ampicillin (100 lg ml À1 ) or kanamycin (50 lg ml À1 ) was added to the medium to maintain the stability of plasmids. All liquid cultures were incubated in conical flasks at 200 rpm (NBS, Series 25D, New Brunswick, USA).
PCR cloning and sequence analysis of the pha locus from P. stutzeri 1317
The entire pha locus from P. stutzeri 1317 (phaC1, phaZ and phaC2) was amplified by PCR using chromosomal DNA as template DNA according to the strategy established previously [10] . The PCR products were cloned into the pGEM-T vector (Promega, USA) and sequenced by BioAsia Company (Shanghai, PR China). The identification and sequence alignment of the presumed phaC1 Ps , phaZ Ps and phaC2 Ps with other Pseudomonas pha loci (GenBank Accession Nos. AB014758, X66592, M58445, AF150670, AF129396, AF311979 and AY043314) were performed with BLASTP and CLUSTAL software.
Isolation and manipulation of DNA
All molecular manipulations, including extraction of bacterial genomic DNA, isolation of plasmids, digestion of restriction endonucleases, agarose gel electrophoresis, polymerase chain reaction and transformation of E. coli, were carried out by standard procedures [14] or as recommended by manufacturers. DNA restriction fragments and PCR fragments were isolated from agarose gels by using a 3S DNA Gel Purification Kit V3.1 (SNBC Company, Shanghai, PR China). All restriction endonucleases were purchased from BioLab (New England Biolabs, USA). T4 DNA ligase was purchased from Promega (USA). All the enzymes were used as recommended by manufacturers. Primers were synthesized by Sunbiotech Company (Beijing, PR China).
Production and analysis of PHA
Recombinant E. coli strains harboring different plasmids were grown for 48 h in 100 ml mineral salt (MS) medium (in 500-ml conical flasks) supplemented with various carbon sources [9] . Ampicillin (100 lg ml À1 ) or/and kanamycin (50 lg ml À1 ) was added at the beginning of growth. IPTG (0.1 mol L À1 ) was used as an inducing agent for P lac and added at 6 h after inoculation. Cells were harvested and lyophilized after 48 h. The lyophilized cell materials were subjected to methanolysis. Gas chromatography-mass spectrometry (GC-MS) (Perkin-Elmer AutoSystem XL GC-TurboMass, USA) was used to determine the compositions of the polymers produced. Gas chromatographic analysis of intracellular PHA content and PHA composition (Hewlett-Packard model 6890, Palo Alto, CA) was performed as described previously [15] .
Determination of enzyme activities
Crude cellular extracts were prepared by sonication and centrifugation (12,000 rpm, 20 min, 4°C) and the resulting supernatants were used as enzyme solution. The b-ketothiolase and NADPH-dependent acetoacetylCoA reductase activities were determined spectrophotometrically according to the methods of Nishimura et al. [16] , and Haywood et al. [17] , respectively. One Table 1 Bacterial strains and plasmids used in this study
Strain or plasmid
Relevant characteristics Sources or Ref. 
Results
3.1.
Cloning and sequence analysis of the pha locus from P. stutzeri 1317
Using the PCR cloning strategy, three nucleotide sequences of phaC1, phaZ and phaC2 loci were obtained [10] . The nucleotide sequence of the whole pha locus was shown in Fig. 1 and has been deposited in GenBank under Accession Nos. AY278219, AY211191 or AY211192.
The sequence was analyzed and showed a classical genetic organization of type II PHA synthases. Three complete open reading frames were identified and named phaC1 Ps , phaZ Ps and phaC2 Ps , respectively (Fig. 1) . The identities of phaC1 Ps , phaZ Ps and phaC2 Ps were 60.2%, 63.7% and 53.0% compared with the corresponding pha loci of the known Pseudomonas strains (Section 2.2), respectively.
Construction of expression plasmids
Several plasmids were constructed to supply precursors and achieve functional expression of phaC1 Ps and phaC2 Ps in E. coli JM109 (Fig. 2) . Co-expression of bketothiolase gene phbA Re and NADPH-dependent acetoacetyl co-enzyme A reductase gene phbB Re provided 3HB-CoA from acetyl-CoA in E. coli. To compare the specificity of PhaC1 Ps and PhaC2 Ps for 3HB-CoA, the complete ORF of phaC1 Ps and phaC2 Ps from P. stutzeri 1317 were amplified by PCR and subcloned into phbA Re and phbB Re containing plasmid pBHR69 (kindly provided by Dr. A. Steinb€ uchel), resulted in plasmids pCJY01 and pCJY02, respectively (Fig. 2) .
In order to analyze the in vivo substrate specificity of PhaC1 Ps and PhaC2 Ps to mcl 3HA-CoA, plasmids pCJY03 and pCJY04 were constructed by introducing phaC1 Ps and phaC2 Ps into pLZZGPp, respectively (Fig. 2) . (R)-3-Hydroxydecanol-ACP: CoA transacylase gene phaG Pp encoded by plasmid pLZZGPp was used to supply mcl 3HA-CoA from fatty acid de novo biosynthesis pathway in E. coli.
To test the responses of PhaC1 Ps and PhaC2 Ps to 3HB-CoA and mcl 3HA-CoA, plasmid pLZZG01 harboring phaG Pp (Fig. 3 ) was constructed and used in this study for co-transformation with pCJY01 or pCJY02 into E. coli JM 109, respectively.
Expression of PhaC1
Ps and PhaC2 Ps in recombinant E. coli JM109 All plasmids were introduced into E. coli JM109 by electroporation. The recombinant strains of E. coli JM109 were cultivated in MS medium supplemented with glucose, fructose or glycerol as a sole carbon source, respectively. The contents and monomer compositions of PHA accumulated in the recombinants were determined by gas chromatography (Table 2) . PHA composition was further confirmed by GC-MS analysis.
To study the specificities of PhaC1 Ps and PhaC2 Ps to 3HB-CoA, plasmid pCJY01 and pCJY02 were expressed in recombinant E. coli JM109, respectively. Only 3HB-CoA was provided by the expression of phbA Re and phbB Re in these strains. The recombinant E. coli JM109 harboring phaC2 Ps -containg plasmid pCJY02 accumulated about 7.54%, 16.25% or 7.53% PHB of cellular dry weight from glucose, fructose or glycerol, respectively. Otherwise, there was no PHA accumulation for the recombinant strain harboring phaC1 Pscontaing plasmid pCJY01 (Table 2) .
To understand the specificities of PhaC1 Ps and PhaC2 Ps to mcl 3HA-CoA which was supplied by phaG Pp gene from P. putida, recombinant strain harboring phaC1 Ps -containg plasmid pCJY03 and strain harboring phaC2 Ps -containg plasmid pCJY04 were cultivated and analyzed for the accumulated PHA. It revealed that both of them had the similar content and PHA monomer composition when grown on the same carbon source ( Table 2 ). The PHA produced in these strains was only 3-hydroxydecanoate (3HD) containing homopolymers.
In the presence of 3HB-CoA and 3HD-CoA, the recombinant strain harboring pLZZG01 (containing phaG Pp gene) and pCJY01 accumulated PHA consisted only of 3HD monomers (Table 2) . However, the strain harboring pLZZG01 and pCJY02 accumulated PHA containing both 3HB and 3HD monomers with 3HB as the main constituent. The components of 3HB and 3HD in the co-polymers varied when the recombinant strain grown on different carbon sources. The recombinant produced PHA consisting of 84.4 mol% 3HB and 15.6 mol% 3HD when grown on glucose, while only less than 7% 3HD in PHA was produced by the recombinant grown on fructose or glycerol (Table 2) . 
Activity assay of b-ketothiolase and NADPH-dependent acetoacetyl-CoA reductase
Genes of phbA Re encoding b-ketothiolase (PhbA) and phbB Re encoding NADPH-dependent acetoacetyl-CoA reductase (PhbB) were critical for the production of 3HB-CoA [19] .
The specific activities of b-ketothiolase and NADPHdependent acetoacetyl-CoA reductase in wild-type and recombinant E. coli JM 109 strains were measured using bacterial cell lysates, all recombinant strains exhibited enzyme activities for the above two enzymes related to 3HB-CoA biosynthesis (Table 3 ). This result indicated that phbA Re and phbB Re genes had been expressed successfully in phbAB-containing recombinant strains. Since the insert orientation of phbAB was directly downstream of the lac promoter in pBHR69, pBHR69 expressed much higher levels of both enzyme activities than that by pCJY01 or pCJY02.
Discussion
Several type II PHA biosynthesis genes were cloned from various organisms and investigated by various research groups [4] [5] [6] [7] [8] 20 ]. Most of these strains showed negligible differences between PhaC1 and PhaC2 in terms of substrate specificity [5, 8, 20] . Only one study demonstrated that PhaC1 and PhaC2 from P. mendocina were not interchangeable without affecting the content and monomer composition of the accumulated PHA [7] . In this study, type II PHA synthesis genes from P. stutzeri 1317 were PCR-cloned. The gene products PhaC1 Ps and PhaC2 Ps , which shared 57% amino acid sequence identity, were compared for the in vivo substrate specificity when expressed in recombinant E. coli JM109. The results indicated that PhaC1 Ps and PhaC2 Ps had obvious differences on the substrate specificity. PhaC2 Ps had a broader substrate specificity ranging from 3HB to mcl 3HA, while PhaC1 Ps could only polymerize mcl 3HA to PHA products. This phenomenon was a proof for the above argument that PhaC1 and PhaC2 from the same Pseudomonas strain might have different specificities for polymerization, and they could even not be interchangeable.
In this study, E. coli JM109 was used to offer uniform metabolic background for PhaC1 Ps and PhaC2 Ps . Three groups of control experiments were designed to test the specificity of PhaC1 Ps and PhaC2 Ps to 3HB-CoA only, to 3HD-CoA only, or simultaneously to 3HB-CoA and 3HD-CoA. The gene products of phbA Re and phbB Re were used to provide 3HB-CoA precursor, which was the representative of short-chain-length (scl) 3HA-CoA. And phaG Pp gene product was used to convert intermediates from fatty acid de novo synthesis pathway for production of mcl 3HA-CoA. According to Zheng et al. [12] , 3HD-CoA was the major product of PhaG Pp when expressed in E. coli.
From the results of heterogonous expression described above, both PHA synthase genes provided the ability for recombinant E. coli to synthesize PHA, while the substrate specificity seemed to be quite difference for PhaC1 Ps and PhaC2 Ps . The shake flask results showed that both PhaC1 Ps and PhaC2 Ps could incorporate 3HD-CoA monomer into PHA accumulation, yet only PhaC2 Ps could polymerize 3HB-CoA into PHA ( Table  2 ). According to the enzyme assay, both activities of bketothiolase and NADPH-dependent acetoacetyl-CoA reductase were detected in the recombinant strains harboring phbA Re and phbB Re genes (Table 3) , which suggested that all above strains could supply 3HB-CoA monomer for PHA synthesis. Thus, the absence of 3HB in PHA produced by phaC1 Ps harboring strains was mainly attributed to PhaC1 Ps which displayed no 3HB specificity. This was also a reason to explain why the recombinant strain harboring phaC2 Ps accumulated much more PHA than the one harboring phaC1 Ps when 3HB-CoA and 3HD-CoA were simultaneously available.
Since it was not easy for PhaG Pp to convert intermediates from fatty acid de novo synthesis pathway in E. coli [21] , the 3HD-CoA content was very low in recombinant strains [12] . For this reason, only 0.26-0.43 wt% PHD was detected in recombinant E. coli harboring phaG Pp gene (Table 2) . Therefore, the PHA produced by PhaC2 Ps in recombinant E. coli contained more 3HB than 3HD; while the PHA accumulated in wild-type P. stutzeri 1317 contained only trivial 3HB when grown on related carbon sources [9] . The main reason for the low yields of PHA in the recombinant E. coli may be due to their poor growth in the sugar medium, which led to excessive production of acetic acid. This resulted in leaking of 3HB-CoA and thus a short supply of PHA precursors. This proposal was supported by the phenomenon that cells produced more cell dry weight and PHA when grown on fructose than that on glucose, as E. coli would produce less acetic acid on fructose compared with growth on glucose.
In this study, the phaC1 Ps and phaC2 Ps genes were successfully and heterologously expressed in E. coli JM109. The above results indicated that PhaC1 and PhaC2 from P. stutzeri 1317 had different substrate spectra. This was a new important proof to support the proposal that PhaC1 and PhaC2 from same Pseudomonas strain could be different in terms of substrate specificity and were not interchangeable [7] . glucose, fructose or glycerol as the sole carbon source, respectively. Ampicillin (100 lg ml À1 ) or/and kanamycin (50 lg ml À1 ) was added at the beginning of growth. IPTG (0.1 mol L À1 ) was added at 6 h after inoculation. Gas chromatographic analyses of intracellular PHA content and PHA composition were performed. All above results were obtained from three parallel studies.
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